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DETECTION PERFORMANCE OF NORMALIZER FOR MULTIPLE SIGNALS SUBJECT

TO PARTIALLY CORRELATED FADING WITH CHI-SQUARED STATISTICS

INTRODUCTION

In a recent study [1], the detection performance capability of a
multiple-pulse system subject to correlated fading was quantitatively
delineated. It was assumed there that the noise level was known, so that a
threshold could be set for an arbitrarily specified false alarm
probability. Then the detection probability was evaluated as a function of
the threshold level, the received signal-to-noise ratio? the number K of

signal pulses, and the fading statistics.

Here we will extend these earlier results to cover the case where,
additionally, the noise level is unknown and must be estimated on the basis
of a finite number L of noise-only samples. The same approximation
technique that was presented in [1] is used to determine the detection
probability of this normalizer system. The reader is referred to [1] for
additional background, motivation, interpretations, and related references.
For the sake of brevity, we will employ the same notation and presume that

the reader has complete familiarity with the earlier material and

development .




TR 8133

PROBLEM DEFINITION

We will couch the probliem in a particular setting, one with obvious
appeal and application; however, it should be obvious how to extend this
setting to a more general one, particularly in light of the arbitrary fading

covariance coefficients that are aliowed in the analysis.

Suppose a sequence of K tone bursts at a common center frequency are

transmitted, as depicted in figure 1. Each rectangular slot symbolizes

£Ye‘yencg
3 .3 ] 3 ( slets
— /3t ]
—3 R R S—
) 2 K
time

Figure 1. Time-Frequency Occupancy Diagram

a tone of duration T] seconds and approximate frequency bandwidth 1/T]

Hz. These bursts may be abutting in time or may be arbitrarily separated in
time by several multiples of T]. At the receiver, K narrowband filters of
bandwidth 1/T] Hz are sampled at the times of peak signal output (if

present) and their squared envelopes are summed. Depending on the time

separation between pulses, the signal strength may fade considerably; the
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exact amount and frequency of the fading depends on the distribution of the

fading and the covariance of the fading amplitude of adjacent (as well as

separated) pulses.

It is presumed that, during a single tone of duration T] seconds, the
fading is essentially constant, resulting in a constant amplitude scaling
and phase shift applied to the pulse. The time separations between pulses
in figure 1 are arbitrary, thereby allowing for an arbitrary degree of

correlation between the fading factors applied to each pulse.

To establish a reference against which this sum of K matched filter
outputs can be compared, for purposes of deciding on the presence or absence
of signal, a group of L nonoverlapping noise-only slots, located arbitrarily

in the time-frequency plane, are also energy-detected and summed. For very

large 1, this noise reference is very stable, and performance approaches
that predicted by [1]. However, for moderate values of L and for small
false alarm probabilities of interest, it is important to know how much

degradation in performance is incurred by being forced to use this noisy

reference.

An obvious implementation of the processing -implied by figure 1 is to

employ fast Fourier transforms. The L reference bins can then be an

arbitrary collection of time and/or frequency bins. However, L cannot be so

-

large that nonstationary and/or nonwhite noises cause their own kind of
errors in noise power estimation. The tradeoff between these conflicting

requirements will be assessed quantitatively in this investigation.
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s NORMALIZER PROBABILITIES
. DEFINITIONS OF PARAMETERS

Yy Very heavy reliance will be made here on the basis that was set up in
[1]. Thus we have the following fundamental parameters of the detection

i procedure (the immediate references in tables 1 and 2 are to [1]):

K, number of potential-signal pulses added, (figure 1 and A-11);

Pﬁi m, signal fading parameter (power-scaling is chi-squared with 2m

?3) degrees of freedom), (13);

&4d {pkj}, normalized covariance coefficients of signal power-scalings
5 {a .}, (15

(5ﬁ f? average received signal enerqy per pulse , (9);

R N, °  single-sided received noise spectral density level

g; L, number of noise-only pulses added.
L}

Table 1. Fundamental Parameters
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e, In addition, there are two very useful auxiliary parameters that found

A)

,&} frequent use in [1]:
o

H 0\ K

Q'f ' Ke' K2 E pkj = equivalent number of independent signal pulses, (10);
K
o0y kj=1
‘\
bl

N, m Ke = a summary parameter describing the distribution of

a8
‘h: the sum of power scalings, (A-24) and (A-29).

A

)
H, Table 2. Auxiliary Parameters
£

ﬁ:

'{f None of the parameters, m, Ke, N, need be integer. Also, N can be larger
\',‘:l

* or smaller than K, the number of signal pulses.
!i ' ]
Wy
el PROBABILITIES FOR KNOWN NOISE LEVEL
),
J
);; The probability density function of the sum y [1; (A-11)] of the K
o

¢
; j signal envelope-squared samples is given by [1; (B-4)]
A .
':l!.

: exp(-u/a) uK—] 1 1
A p {u) = pK-N N ]Flév; K; u(; - E)) foru >0, (1)
NaR ! a " b P(K)
b J
i
M where [1; (A-32),(B-3),(B-7)]
e

() —

X 3
o 2 2 1K

9 = = = e— =
2 a 2°n , b Zon (1 +R) , R N N (2)
r"'j 0
0t

- The exceedance distribution function QY(u) of output sum y is given by
b
o several alternative forms in [1; (B-9),(B-11),(B-13)]. For a fixed

L)
i.;l
:ﬂﬁ threshold (known noise level), the detection probability is

)
v el
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Py = OYCA,R,N,K) =

=1 :EE (:? b +-;> [ - 1+n‘Ajl » A= 222 o 3

(1 £ RN

[=]

and the false alarm probability is [1; (B-10)]

PF = EK_](A) ’ (4)

where we define the exceedance distribution function

En(X) exp(-x) en(X) , (5)

and

n
e, (x) =§_x‘]/j! (6)
=0

is the partial exponential [2; 6.5.11]. The results in (3) and (4) should

be used for L =e, that is, for known noise level.
NORMAI TZER RATIO

From this point on, L is presumed finite. Suppose a noise level
estimate, A is obtained, based upon L independent measurements of
noise-only bins, It is assumed that the average noise level in these L bins
is the same as in the K potential-signal bins, but that this noise level is

unknown. If we let

A ,,,..’ﬁ‘." l“l»l o 0 i :.""lp,"; an ( 2,97 AT S J,"(‘f'vL?.f,' r

e
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Y = Y(K,E/N ) (7)

denote the sum of K signal bin outputs with average signal-to-noise ratio

E./N_, then
1" o

Yo = v(L,0) (8)

is the corresponding sum of L noise-only bins. Now define ratio

v

y Y(K,E]/No) 9)
Yo v(L,0)

for sets of K and L pulses, respectively. The noise contributions to the
total of K + L outputs are presumed independent of each other; however, the
signal fading factors amongst the K signal outputs are correlated to an

arbitrary degree. We are interested in the distribution of this normalizer

ratio, v.

When signal is absent, the ratio » in (9) is independent of the absolute
level of the received noise; therefore, we can expect the normalizer to
achieve the important capability of constant false alarm rate. That means

that a specified false alarm probability can be achieved without knowledge

of the average nnise power level.

The quantities y and Y, are the sums of K and L squared-envelope
samples, respectively, and are not the averages of these sampled

quantities. [In terms of the sample-average quantities, we could define a

slightly different normalizer ratio
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;"-'—Y'/_K‘tv. (10)

It then readily follows that the cumulative distribution function of random

variable v is

~ K _ K
P;(u) = Prob(v < u) = Prob<; < L u) = Pv(L u) . (11)
in terms of the cumulative distribution function of ratio v in (9). Thus, a

simple scale factor change allows for consideration of the alternative ratio

-~
v.

When we plot the detection probability versus the false alarm
probability, that is, eliminate the threshold, the same performance
characteristics result for random variable » as for %. Accordingly, we will

not use or refer to ¥ or Pg(u) any further, but concentrate solely on

normalizer ratio v, given by (9).
NORMALIZER DISTRIBUTIONS

The characteristic function of noise-only random variable Y, can be

found directly from {1; (A-13)] by setting A to zero and replacing K by L:

. -L 2
fYo(f) = (1 - i%a) , a = 2°n . (12)
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The corresponding probability density function of vy, is

L-1

p, (u) =¥ exp([”/a) for u > 0 . (13)
To r) a
The exceedance distribution function is
0Y (u) = Prob(y, > u) = € _,(u/a) foru>0, (14)

o

in terms of the functions defined in (5) and (6).

The cumulative distribution function of ratio v in (9) is given by

(since Yo > 0)

_ _ X _
P_(u) = Prob(v < u) = Prob(; < %) - Prob(& < uyo)

0
o KQ o0
= s- dy DY(y) dx p*o(X) = j~ dy pY(y) OYO(y/u) =
0 y/u 0
7 K-1
exp(-y/a) y 11 y
:fdy - F(N;K;y(—))li_() (15)
; aK N leq(K) 11 a b L-1\ua

for threshold u > 0, where we used (1) and (14). We now expand EL—]

according to (5) and (6) and integrate term-by-term,to obtain [3; 7.621 4]

L-1

N K (K)
a u _ - a u
oo B ) S 5t (‘ (-9 ss) oo

R=0

But from (2),
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=)
Zl_‘f"'ll
Z|Xx

' (17)

[«

where the parameters involved are described in tables 1 and 2. Making these
substitutions in (16), theve follows for the cumulative distribution function

of random variable v,

L-1
1 u
P (u) = ‘> <§ K +4; . (18)
(1 + R)N 1 v A+ uﬁ 1+ u)

An alternative more useful form is obtained when we use [2; 15.3.3]}:

= (K ¢
1 +u g 1 +R . R u
P(U (]+U)G+U+R)Z’Q!(I+U+F>F(—1’K—N’K']+R]+u)
R

(19)
for u > 0. This result is very attractive since the negative integer
argument , fl, in the hypergeometric function causes termination of the
series at A terms. Thus, (19) is a closed form (albeit tedious) for the
cumulative distribution function of v, involving a finite number of

elementary functions.

It should be noticed that the absolute noise level cﬁ does not
appear in (18) or (19). (The cumulative distribution function for

alternative normalizer ratio ¥ given by (10) can now easily be found by use

of (11).)
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K}

T COMPARISON WITH EARLIER RESULTS

N

L J
P’
‘fu The result (19) for the cumulative distribution function of normalizer
L) ratio », operating in a partially correlated fading environment, is an
"

.#“ approximation, having been based upon a characteristic function fitting
R

5“; . procedure explained in [1; (A-24)-(A-28)]. Nevertheless, (19) is identical
L with the exact fading result for a related normalizer problem; namely,
gt 2y :

*: agreement with [4; (25)] is achieved under the following identifications:

l'

A
‘:'0.:

- TR 4783 Here Interpretation

’if o u threshold

o M K number of signal pulses

W :

. N L number of noise-only pulses
:5 v + 1 N m Ke, table 2
[ _

A E

e ) R @

J 0

(M)
»z' Table 3. Identification of Variables
o
0":0

My
‘q5 : The identity of » + 1 with N is made by comparing [4; (24A)] with

l'.‘
W,
% (V. “A-29)]. The final identity of u with R utilizes [4; (24B)] and
o

o . .
“u [V (9)]):

@®;
\.7;‘ - - —

R E./N E, K/N

9N _ T T" "o _ ] 9 _

vETHET PN ST W R (20)
\":

)

- where the arrow indicates transferrance from (4] to (1].
b




Bt Bt as g 8 S S Al aS Ll ao g ab6 aih BLA e aaa sl adl and adh aih afs ads sl aiic uih odih-aio ac) odul - abh ol dlh-nfacak s eadins e e e et ot St Kat fias et At Salk det Sat Sk Saf Al 4 |

TR 8133

The approach in [4] proceeded as follows: the detection probability
for nonfading signais in al) the bins depended only on the total received
signal-to-noise ratio RT' When RT was assigned the fading probability
density function [4; (24A)], the average detection probability in [4; (25)]
resulted. For the special case of fading parameter v = M - 1 there,

numerous graphical results were given in [4; figures 1-36].

The current resuits here are more general, in that they allow for
partially correlated fading (through parameter Ke) and a more general
power-fading model (with 2m degrees of freedom). This means that N = m Ke
here is not restricted to be equal to the number of signal pulses, K, but is
arbitrary. Thus the current numerical results will significantly augment

and extend those in [4]. If N = K here, then R = El/No = signal-to-noise

ratio per pulse, and (19) reduces to [4; (15B)], for which many numerical

results were given in [4; figures 1-36].
SPECIAL CASES

For m = 1, which corresponds to Rayleigh amplitude fading, and for

pkj = 6kj' which corresponds to uncorrelated fading, then Ke = K, N =K, and

we get from (19),

-1

A
K (K)
_ u_ 2 1 +R
o - ) S e (e
£-=0

in agreement with [4; (15B)].

On the other hand, if R = 0, then (18) and (19) both reduce to
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. (K)
K (0) . -
P, (u) = ) ' (22)
(1 IR SN of

which is equal to 1 - PF' where PF is the false alarm probability.

Since noise level cﬁ is not involved in (22), threshold u can be

selected to realize a given P_, once K and L have been specified. This is

- o W > e

F’
a quantitative verification of the expected constant false alarm rate

d property of the normalizer.

U

i Finally, in the special case of one signal pulse, K = 1, and Rayleigh
B amplitude fading, m = 1, then Ke =1, N=1, R = E}/No’ and (19) yields

; 1 +R 1 +R L

' PolW) = T+ R ::EL <'4-u +®) (; +u+ ;) : (23)
e

" That is,

; y -L

1—Pv(u)=6+]+R> , (24)

! which agrees with [5; (6)] when we make the identifications (from there to

here) of N > L, T/N > u, vy » R.

RECURSION FOR CUMULATIVE DISTRIBUTION FUNCTION

X et the hypergeometric function appearing in (19) be represented as
L)
follows:
)
! (K)
_ L
= (- - N K; .
) Hl(x)— 1| (/Q' K N' 1] x) (?5)

o

(R} DA [ SMASKSAEGOGOOBUNDOS
', ."‘,g‘n'.!.; DO RO TROUORUS RN e

8,
BN AT l f
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Hy Then

2l Ho(x) =1, (26)

. ) while (25) has the recursion [2; 15.2.10]

o~ AHg(x) = K + 24 =2 #(N = K+ 1 ~)x] Hy 1(x) = (K +2 = 2)(1 = x)H,_o(x)

o for 0> 1, (27)

i where we ‘define H_1(x) = 0. In terms of (25), the cumulative distribution

&k function of » in (19) becomes

. u 1 +u 1 +R
:: Pu(u)=(|+u)<+u+R) Z(]+u+[2> (+R]+u).(28)

This form, in conjunction with recursion (27), was used for all the

.”6 numerical results here, for L finite. The parameters appearing in (28) have
)

N all been explained in tables 1 and 2. The explicit dependence on the

fundamental parameters is indicated below:

a2 Ke = Ke(K, {oj})
;;.v. N o= N(m, K, Teisd)

C R = R(Ey/Ng, m, K, fori}) - (29)

g [n addition, the cumulative distribution function in (28) is a function of L

i and threshold u.
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DETECTION AND FAISE ALARM PROBABILITIES

The detection probability is given by

Py = Prob(v > u]R >0) =1 - Pv00 , (30)

where P (u) is available in (28). The false alarm probability is

Pe = Prob(v > u)R =0) =1 - P£°)(u) , (31)
where Pio)(u) is available in (22). By allowing threshold u to vary

over a wide range, PD and PF values can be obtained and plotted against

each other, resuiting in the standard receiver operating characteristics;

the threshold is thereby eliminated from the plotted outputs. Programs for

plotting PD VS PF, both for L finite as well as infinite, are listed in

appendix A.
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Vg GRAPHICAL RESULTS

Due to the multitude of parameters appearing in this investigation (see
;V;3 tables 1 and 2), it is impossible to give a comprehensive compi1atioh of
encompassing numerical results. Considering just the covariance

- coefficients {pkj 5 for the moment, complete specification requires

. assignment of K(K - 1)/2 values to these quantities; to circumvent this

v difficulty, we consider numerically, here, only the very special case of

exponential correlation, for which

o - K-l

\'-_ PkJ fOI" ] .<_ k’ J S K ? (32)

and look at a couple of particular values for p. OQur approach here, of
A necessity, is to give some representative sample receiver operating

J characteristics and a general computer program in BASIC, whereby additional
P20 results can easily by obtained once the user has specified all the

Q , particular values of interest in his application. This program allows for
arbitrary covariance coefficients, {pkj}, and is not limited to the

&%. specific example (32).

I The particular cases we will investigate are as follows:

¥
e p =0, .5. (33)

Z .‘A,,' ) *""t~ -
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All possible combinations of these four fundamental variables lead to 30
*
plots, which appear below 1in figures 2-31. (There are only 6 plots for
K =1, not 12, because the value of p is jrrelevant for K = 1). The curves

are indexed by the per-pulse signal-to-noise ratio, E /No, in dB. The

1
false alarm and detection probability pairs range from (poor quality) pair

{5,.00) up to (high quality) pairs near (1E-10,.999).

The number of signal pulses, K, is limited to the low values 1, 2, 4,
because these seem to-be the cases of most immediate practical use. The
number of noise-only samples, L, is not evaluated for L = 64 because of the
proximity of the results to those for L =e; conversely, results are not
presented for L = 8, because a severe degradation in performance occurs, that
probably cannot be tolerated. The fading parameter value m = 1 corresponds
to Rayleigh amplitude fading (exponential power fading), while m = .5
corresponds to a deeper more-damaging form of fadiny. The correlation
coefficient p = 0 corresponds to uncorrelated (independent) fading, while
p = .5 allows for adjacent (equispaced) pulses in figure 1 to have some

degree of dependent fading.

An explanation of the initial result in figure 2 follows: for K =1,
m=1, L. =6 (known noise level), the detection probability is plotted versus
the false alarm probability for values of the latter between 1£-10 and .1.
The value of the per-pulse signal-to-noise ratio, F/N0 in dB, varies over

1
the range 6, 8, 10, ... , 42, giving detection probability values covering

* A1l the fiqgures are collected togetheE‘gfter the Summary section.

11
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the range .01 to .999. The only difference in the accompanying pair, figures

3 and 4, is that L is reduced to 32 and 16, respectively.

The results in figures 5 through 7 correspond to the worst cases
considered here. Namely, there is just one (fading) signal pulsz. and m is
.5, which means a very deep fading medium; see [1; figure 2]. The values of
signal-to-noise ratio required for L = 16 in figure 7 are so large as to be

physically unrealistic, except for the poorer quality region.

On the other hand, for K = 4 signal pulses, Rayleigh amplitude fading
(m = 1), and uncorrelated fading (p = 0), the results in figures 20 through
22 are very encouraging, being physically reasonable over the whole range of
plotted values. But when m is decreased to .5, and p is increased to'.S,
the results in fiqures 29 through 31, still for K = 4 pulses, indicate
substantially increased signal-to-noise ratio requirements at the higher

quality end of the performance region.

An alternative method of presenting the graphical results, which
accounts for the Tosses incurred by not knowing the noise level, is to plot
the required value of E}/No vs I, for various values of the remaining
parameters and for specified performance quality in terms of PF and PD'
Two such cases are illustrated in figures 32 and 33. They show that the
cost of not knowing the noise level is not severe for the high false alarm
probabilities, but is quite significant for the lower more-desirable false

alarm probabilities. For example, in figure 33 for K = 2 signal pulses, the

signal-to-noise ratio muyst be about 1.5 dB larger at L = 10 noise pulses than
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at L = 100, when PF = ,01. However, if we want to operate at PF = 1E-10, the

increased signal-to-noise ratio requirement is about 6 dB per pulse. The

numbers are comparable for the K = 1 results in figure 32.

The asymptotes for large L in figures 32 and 33 can be found in some
cases from earlier results in [{1]. For example, reference to [1; figure 8]
for K = 2, p = .5 gives E}/No = 16.8 dB, while PF = JE-b, PD = .9, m=1,
Comparison with figure 33 here reveals that the performance requirement is

virtually at this level by the time that L = 100.

4, X
LI st S ' S Ll YN
w T b e e AT
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SUMMARY

Although figures 32 and 33 are very informative, allowing for a ready
assessment of the losses incurred by using a finite small value for L, the
number of noise-only pulses, they also illustrate the voluminous compilation
that would be needed for a thorough numerical investigation. For example,
if: detection probabilities PD were of interest for values .5, .9, .99,
.999; number of signal pulses K for values 1, 2, ... , 10; fading parameter
m for values .5, 1, 2; and fading correlation coefficient o for 0, .5, 1;
this would require a total of 4*10*3*3 = 360 figures. The approach here is
instead to present some representative receiver operating characteristics, in
figures 2 through 31, from which information similar to that in figures 32
and 33 can be extracted, and to 1ist a general program for the generation of

additional receiver operating characteristics for whatever cases may be of

interest to the user.

Some related work on the performance of a log-normalizer subject to
Weibull or log-normal inputs has been published By the author in [6];
however, no fading was allowed, and the number of signal pulses was limited
to K = 1. 1In a different vein, the performance of an or-ing device
operating on the output of an incoherent combiner of multiple pulses was
analyzed in [7]. These works augment and complement the analysis conducted

here.
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@ APPENDIX A

a PROGRAM LISTINGS

:

f, There are two programs listed in this appendix, the first for L finite,

. the second for I infinite, where L is the number of noise-only pulses used

to establish a reference. The fundamental parameters K,m,L are input in

P lines 20, 30, 40, while p is input in line 1400. The particular values of
,f E]/No (in dB) that are of interest are input in lines 340 and 350.

3

Provision is made for 20 PD Vs PF curves in lines 60-90; this can easily
{

be changed to accommodate other cases.

» The false alarm and detection probabilities are available in lines 1000

and 1130, respectively. The detection probability utilizes R and N as input

- -

variahles: see table 2. The particular covariance programmed in lines

\
' 1390-1430 is exponential, but this, too, can easily be generalized.
| To save space, the complete program for L infinite is not listed.
W
v Rather, just the essential false alarm and detection probability routines
[}
- are listed at the end of the appendix; these are obviously not functions of
; L. The changes required to accommodate this case of infinite L should be
b obvious.
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L
jg 19 ' GEMERATE PD-¥S-FF MUMEERS FOR FINITE L
N pe k=49 | MUMBER 0OF SIGHAL FULSES ARDLED, ¢+
SN Id Ms=.,S i FADING FARAMETER, “Zm DOF
- 440 L=1s ! MUMBER OF NOISE FULZEZ ALDDED L
o 5a DIM U100
RN £a COM FfO 1960, PAL 1000, PA2C108),Pd30108,FPd40 180, FdS 130
S Tid Com Fd&d1@m,PdT 01980 PdE 108 Pd3C100 POl lEd . FPIL1 010G,
iﬁ}' =1 Com oFdl2o1ed  Falioleas,Pd1401e0y, Pd1S 183 Fdle 180 F3LIT 109
N 30 COM PAIS 1OB,Fd19C180,,PdEN 100
n 124 DOUBLE K,L,1,J (  INTEGERS
(. 5 119 S=9.
S 12@ FOR 1=1 TO k
0 136 FOR J=1 TO &
= 140 L=S+FHCo T, T ' O HORMALIZED COWAFIRHCE COEFFICIENTS
o 156 HEXT J
> 129 HEAT 1
170 Fesk+k S [ EQUIVALENMT HUMEER OF INDEFEMIENT FALES
139 N=Mz+Ke ! N = m Ke
199 u=a.
2ov U=U+,01
219 PF=FHPf U, K, L
Ile IF Pf:.1 THEH 200
230 W1=MAK~-,a1,.81
. 240 U=U+.01
s 9a Pf=FMNPf (U, K, L)
"ol 2e9 IF Pf>1E-18 THEN Z4@
- g uz=u
- 239 Delu=cuz-uUul.,- 199,
N 298 FOR 1=0 TO 186
) 89 U=U1+Delu=xl
e 31 ols=u ¢ THRESHOLD VALUES
- Egats Ffiolo=FHRf i, K, L ¢ PROBAEILITY OF FALZE ALAFN
e 130 HEXT 1
e 140 FOR I={ To 2@
5&: LA Elrodb=2=J+2 t ZIGHAL-TO-HOISE RATIO FEF FULZE, E1 Ho o dE -
. IE0 Elrmo=19,.1 ,1+«Elncdb
J e F=Elroxk H

FOR =9 TO 1049

)l" P
""n_'. EETs J=U. 15
o 40 FA=FHFd U, F M b, L ! FROEAEILITY OF DETECTION
ﬁﬂ? 419 IF J=1 THEH Pd1:1.=Pd
o 420 [F J=I THEHM PdZ:l.=Fd
® 450 !
" 14 !
wN <39 IF =13 THEHW Fd13:1:=Fg
P £90 IF J=20 THEH P4I0.1,=Pd
o £10 HEXT 1
o0 oy, HEXT J
A £y FOR 1=0 TD 199
O £ 4 Ft I =FHImophycPfo ] oo
& LS9 Fdl I =FHInuph v Pl I
o sE0 Faz I o=FHInuphi FPa2 1o
. AT |
5&? £50 '
ot 30 Pala I o=FHIrmuph Fd190 ] o
-2 40 Faza: I v=Fhlnephy P30T
e 150 HEXT 1
1?3; SEw T
"::", Y EMD
CH ) '
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-
2
¢, 239 LDEF FHInvph i ! HMS SS9, fe.o.ok
* 309 IF ~=.5 THEM FRETURN O,
- 919 PEMINGK, 1, ~n0
- ale T=-LOG.F
M- 330 T=SQR(T+T)
K-.- I4i Pl +Ta 1 33078 &+Te 133003 Te, 001 105
Do IS0 P=T-(2.51SS17+T+ 230285 3+T«, 3103223, F
R 350 IF #<.S THEN P=-P
¢ 370 RETURN P
& 330 FNEND
. 394 !
N 10043 LEF FHF§« U, DOUELE ¥ ,L: ' FALZE ALAFM FFOEREILIT Y
N 1a1e IF U-=9. THEN RETURH 1.
A 1920 DOUBLE Ls ' INTEGER
1939 Ui=U+1.
- 1949 k1=K-1
o 1650 S=T=EXP(K#LOG(U- UL )
b 1960 FOR Ls=1 TO L-1
£~ 1679 T=T#(Kl+Lz)-CLsxU1)
w 1035 S=35+T
o 1938 NEXT Lz
1149 RETURM 1.-%
< 1118 FHEMD
3 1120 '
- 3 LEF FHP4:U,R,H,00UELE F,L; ! DETECTIOH FPROEBAEILITY
o IF Ui=8, THEN RETURH 1.
r. DOUEBLE Ls ¢ INTEGER
, Ut=u+1.
. R1=R+1.
b Dz=U-U1
o Ru=R1+1
:_: boa=k =2
Hk =H-F +1
; -, VY=R1. Ru
“=UZ+R.R1
I wi=e-1,
g - 2ET2ERF R+ L0G U2 v+ H=LOG UL Ruo
"o Ho=9,
"Z: H=1,
N FOR Lz=1 TO L-1
A T=T="/
@ T=hZ+elz
1] A= Tolas i HE =Lz et eH+ Jokl2Ho - L3
v Ho=H
o 133 H=H
i 134 Sz3+TaH
. 1359 HEXT Lz
‘ LT FETURM 1.-%
- 1379 FHEND
¢ 1330 !
" 1299 DEF FHCow DOUELE I,J:
‘\: 14009 Fro=.9S ' HORMALIZED COVARIANCE COEFFICIENT
't- 1419 CovzFhea AES T=T . t EXPOMEMTIAL EEHAYIOF
y 13420 RETURM oo
1420 FHEND
Wy 13447 !
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SUB R t PLOT PD ¥S PF ON NORMAL PROEBRBILITY FHPEFR
COmM Ffusr , PIL{*) ,PIZC*s , PI3crs,Pddi s PIST %

COM FPdEecxr PEP e+, POd8ex . P33+ Pdl@es  PJlLl «

COM Pdlzis  Pdl3esr , FPALl3 ), PI1Sus Pl FAd17 ~
COM Pd18i=),Pd19C%)5,Pd2ZB(x)

DIt A$C30],B$(30]

ODIM label®cls 3oy, Ylabel$d
DIm scoordil:30s,Ycoordot:
DIM Xgriddl:39r,%gri1dil: 30
DOUBLE N,La,Ly,Hx,MHu,I

s 390
(S

1

| INTERERS

A$="Frobabrlrtw of Falze Alarn" 1
E="Probabilirty of Detection”

]

Lx=12 F

FPEDIM Xlabelfclelxd, X eoordo ol

DATH E-10,E-9,E-3,E~

READ Xlabel$i#)

DATA 1E-19,1E-9,1E-8,1E-7,1E-6,1E~5,1E-4,.081,.01,.092,.085,.1
READ Xcoord(+)

|

Lwu=18

FEDIM Ylabeslg8dlebwr,Yooorddlelwg

DATA .01,.02,.05,.1,.2,.3,.9,.9,.6,.7,.3,.9
DATH .99,.93,.93,.995,.932,,999

READ Y1abel$(x>d

DATH .B81,.82,.85,.1,.2,.3,.4,.5,.6,.7,.3,.9
DATA .95,.98,.99,.995,.998,.999

READ Ycoord(#)

|

Hx=14

REDIM ¥graiditlsMay

DATA 1E-10,1E-9,1E-3,1E-7,1E-5,1E-9, 1E-4
DATAR .00l .00, .09, .01, ,02,.0%9, .1

RERD grydis)

1

Hy=13

KEDIM

DATR . Sy e i, 9,08, .7,05,.7
DRTH . R R T

READ

FOR I=1 TO L.
sopordelosFHImophy CRcagrde v
HEXT I

FOR I=1 TO Lw
Veoordolo=sFHInuphtiYcoorgi oo
HERXT 1

FOrR I=1 TOQ M-«

dgradye LasFHInwpky Clgrage oo
HE=<T I

FOR I=1 T Hu
YgridilosFHInuvpb cYgridge 1o
HEXT 1

wp=igeadol s

z=:graidiH.

=Vgride ]

=Vgrid Heo

cale= o WvZ-v1 . llZ-nl

>

¥

~

Po e
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CINIT Zow. o,
FLOTTER 13 S@%,"HPGL"
FRINTER 13 509
PRINT "w34"
LIMIT PLOTTER

3

SasS,d
VIEWPORT 22.,35%.,19
YIEWPORT 22.,35.,99.
YIEWFORT 22.,3%.,193.
WINDOW #1,%2,%1,4%2

FOR I=1 T0O Hx
MOVE Wgrrdols, vl
DRAW Sgradele,
HE=T 1

FOR I=1 TO Hw
MOVE XK1,YVgriddl.
DRAW X2,Ygraidcl)

NEXT 1
CSIZE 2.3,.5
LORG S

YEY1=-Cr2-Y1ox,02

FOR I=1 TO L=«

MOYE Rcoordol o,

LHBEL RXlabelsg. ]

HEXT I

CSIZE 3.,.5

MOVE .S+l +6Z0,Y1~-,088+0v2
LABEL FA$

VEFTICHL PHPEF

MOYE Seckl+x20, V1=, 120¢2-Y1D

LABEL "Figure 31. ROC for K=4,

CSIZE 2.3,.5
LORG 3
HEl-(RZ-K1 %, 01

FOR I=1 TO Lo

MOYE ~, " coardd]
LAREEL Ylabels I
HEZT 1

LDIR PI 2.
CZIZE 3.,.5

LORG S

MOYE ©1-,1Sxcia=lo, Se Wi+ ra
LHBEL B3%

FENUP

FLOT Proesr , FdLl:

FEHUP

FLOT P2y, ,2d2u+)

FEHUF

PLOT Pfoexs ,Fd1a

FENUP ,

PLOT Pfosi,Pdza: =)
PENUP

PRUZE

PRINTER I3 CRT
FPLOTTER S9S 12 TEFMIMATED
SUBEND
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DEF FHPY Thr ,DOUELE i FAL-E HLARM FROEAEBILIT
DOUEBLE J ! INTEGER

S=T=E- P =Thr

FOrk T=1 TO k-1

T=T7«Tnr. J

2=5+T

HE=T J

FETURM =

FNENTD

|

DEF FHF 3. Thr  F,H, LOUELE ¢ - I TF TTOT, AFF. -1
Error=1.E~-10

DOUELE k1,ks ! INTEGERS
Et=EXP(Thr)

K1=K=-1

Ni=H-1,

kKi=1.+R

=R R1

E=Te=1.

FOR Ksz=1 TO ki

Te=TerThr k:z

E=E+Te

NEXT ks

S=B=MAX(Et-E, 0.

T=1.

FOR Ks=1 TO 1000

Te=TesThr -t 1+k
B=MA~N(E=-Tz,0.>
T=T20x Hl+b 2k
Fr=T=+E

L=S+Pr

IF AES Fr 1 =Error=AES. 57 THEHM 354
HE~T Kz

FRINT “1000 TEFMS AT:"iK;HiThr ;R Fr
Fad=] ,-E~sP(=Thr-H+LOGiR1y1 23

FETURMN Pd

FHEND

)]

n

o
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